1. Introduction {#sec1-nanomaterials-09-01318}
===============

The dynamic development in the field of nanotechnology and broadly understood nanoscience open up new application possibilities in the area of consumer products. Many innovative applications of nanotechnology are now available \[[@B1-nanomaterials-09-01318]\]. There is a growing use of nanomaterials in various products, such as cleaning agents, cosmetics, electronics, impregnants, paints, catalysts, and nanocomposites for both construction and medical applications. For most applications of nanomaterials, the study of potential long-term effects on the environment and human health plays a very important role. Specific regulations regarding nanomaterials have been introduced, e.g., the Biocidal Products Regulations (BPR) \[[@B2-nanomaterials-09-01318],[@B3-nanomaterials-09-01318]\]. The definitions contained in the regulation are based on the European Commission's recommendation concerning the definition of nanomaterials. These provisions apply to active and non-active substances that show the following characteristics; at least 50% of the particles have a size of 1--100 nm in at least one dimension; the particles are in a free state or in the form of an aggregate or agglomerate. Among others zinc oxide nanoparticles (ZnO NPs) have recently gained growing popularity among scientists. ZnO NPs are widely known for their antibacterial properties \[[@B4-nanomaterials-09-01318],[@B5-nanomaterials-09-01318],[@B6-nanomaterials-09-01318],[@B7-nanomaterials-09-01318]\]. At present, numerous tests with the use of ZnO NPs as a contrast medium (imaging), biosensors, anticancer agent, for drug delivery, gene delivery, tissue regeneration, and for diagnostic and therapeutic functions have been carried out \[[@B8-nanomaterials-09-01318],[@B9-nanomaterials-09-01318],[@B10-nanomaterials-09-01318],[@B11-nanomaterials-09-01318],[@B12-nanomaterials-09-01318],[@B13-nanomaterials-09-01318],[@B14-nanomaterials-09-01318],[@B15-nanomaterials-09-01318],[@B16-nanomaterials-09-01318],[@B17-nanomaterials-09-01318],[@B18-nanomaterials-09-01318],[@B19-nanomaterials-09-01318],[@B20-nanomaterials-09-01318]\].

The contemporary development of materials science provides engineers and physicians with the opportunity allowing them not only to develop new materials but also to improve those that have already been tested for years. Polymethyl methacrylate (PMMA) is one of those materials that have been used in dental prosthetics over decades. This is a material whose mechanical properties and effects exerted on oral tissues are well known \[[@B21-nanomaterials-09-01318],[@B22-nanomaterials-09-01318]\]. Today it is difficult to imagine dental prosthodontics without this material. There are only few other possibilities in performance of removable dentures. First of them are flexible materials based on nylon polymers. Nylon is a generic name for certain types of thermoplastic polymers belonging to the class known as polyamides \[[@B23-nanomaterials-09-01318]\]. The second option are cast dentures made of metal alloys (mainly Co-Cr-Mo alloys or titanium alloys) \[[@B24-nanomaterials-09-01318]\]. However, none of them are recommended in cases of severe teeth loss or complete edentulousness.

These considerations prompted the authors of this study to make an attempt to modify the PMMA material to obtain antifungal properties, which are so important in clinical applications. Inflammation of the prosthetic area complicated by a fungal infection is termed as denture stomatitis. It is often observed in patients wearing acrylic extensive dentures who neglect oral and denture hygiene and in favorable local and general factors. The usually applied therapeutic methods cannot be frequently used in prophylaxis of denture stomatitis because of yeast drug resistance. This is another reason why we should look for new solutions in the form of new materials and/or methods for treating this disease. As evidenced in the previous publications \[[@B25-nanomaterials-09-01318],[@B26-nanomaterials-09-01318],[@B27-nanomaterials-09-01318]\], the fabrication of PMMA modified by ZnO NPs is possible in the conditions of an ordinary prosthetic laboratory. PMMA-ZnO composite materials with a filler in the form of nanometric ZnO particles (PMMA-ZnO nanocomposites \[[@B28-nanomaterials-09-01318],[@B29-nanomaterials-09-01318]\]) as a promising material for denture bases are becoming increasingly more popular among scientists and dentists \[[@B25-nanomaterials-09-01318],[@B26-nanomaterials-09-01318],[@B27-nanomaterials-09-01318],[@B30-nanomaterials-09-01318],[@B31-nanomaterials-09-01318],[@B32-nanomaterials-09-01318],[@B33-nanomaterials-09-01318],[@B34-nanomaterials-09-01318],[@B35-nanomaterials-09-01318],[@B36-nanomaterials-09-01318],[@B37-nanomaterials-09-01318],[@B38-nanomaterials-09-01318],[@B39-nanomaterials-09-01318],[@B40-nanomaterials-09-01318],[@B41-nanomaterials-09-01318]\]. A thin layer of saliva is presenting the oral environment between the denture base and oral mucosa. For this reason, only nanoparticles released from the biomaterial can penetrate into the tissue and exert the therapeutic effect. Therefore, in order to achieve therapeutic and preventive effects, the concentration of released ZnO cannot be lower than the minimal inhibitory concentration (MIC) relative to pathogens, but it also cannot be so high as to be able to generate a cytotoxic effect on host cells.

The objective of the study was to characterize zinc oxide release from PMMA--ZnO nanocomposites, as well as from the ZnO NPs layer produced on pure PMMA and the impact of the achieved final ZnO NPs concentration on cytotoxicity, before the potential use as an alternative material for denture bases. The null hypothesis was that no significant difference would be found between pure PMMA and particular modifications with ZnO NPs.

2. Materials and Methods {#sec2-nanomaterials-09-01318}
========================

2.1. Substrates {#sec2dot1-nanomaterials-09-01318}
---------------

The following were used for synthesis and preparation process of ZnO NPs: zinc acetate dihydrate (Zn(CH~3~COO)~2~∙2H~2~O, analytically pure, Chempur, Piekary Śląskie, Poland), ethylene glycol (C~2~H~4~(OH)~2~, pure, Chempur, Piekary Śląskie, Poland), and deionized water (H~2~O) (specific conductance \< 0.1 µS/cm, HLP20UV, Hydrolab, Straszyn, Poland). These reagents were used in the condition in which they were received.

2.2. Synthesis and Characteristics of ZnO NPs {#sec2dot2-nanomaterials-09-01318}
---------------------------------------------

ZnO NPs were obtained using the microwave solvothermal synthesis according to our original method \[[@B25-nanomaterials-09-01318],[@B26-nanomaterials-09-01318],[@B42-nanomaterials-09-01318],[@B43-nanomaterials-09-01318],[@B44-nanomaterials-09-01318],[@B45-nanomaterials-09-01318]\], which enables precise size control of ZnO NPs (both undoped and doped). The reaction precursor was prepared by dissolving 24.14 g of zinc acetate dihydratein 350 mL of ethylene glycol using the hot-plate magnetic stirrer (70 °C, 450 rpm, SLR, SI Analytics GmbH, Mainz, Germany). After complete dissolution of zinc acetate dihydrate, the solution was poured into a glass bottle with a thread (500 mL, Schott, Mainz, Germany), which was screwed tight and cooled to room temperature (23 °C ± 1 °C). Subsequently, an analysis of water content in the obtained precursor solution (1.12 wt % ± 0.03 wt %) was carried out, and afterwards 1.5551 g of deionized water was added in order to obtain the final water content of 1.49 wt % ± 0.02 wt %.

The reaction driven by microwave radiation was carried out in the MSS2 reactor (3 kW, 2.45 GHz, IHPP PAS, ITeE-PIB, ERTEC-Poland) \[[@B46-nanomaterials-09-01318],[@B47-nanomaterials-09-01318]\]. The parameters of the microwave synthesis were as follows: microwave power---3 kW, pressure---4 bar, heating duration---12 min, volume of Teflon^®^ chamber feedstock---300 mL. The reaction of obtaining ZnO NPs as a result of the reaction of zinc acetate with ethylene glycol is presented in the following general Equation (1):$$\left( {{CH}_{3}{COO}} \right)_{2}{Zn} + 2C_{2}H_{4}\left( {OH} \right)_{2}\overset{C_{2}H_{4}{({OH})}_{2},{\ H}_{2}O,\ T,\ P}{\rightarrow}{ZnO}\left( \downarrow \right) + H_{2}O + 2{CH}_{3}{COOC}_{2}H_{4}{OH}$$

The effect of the synthesis was suspension of ZnO NPs in ethylene glycol, which was subjected to the sedimentation process. Subsequently, the supernatant was decanted, and the sediment was rinsed with deionized water and centrifuged (MPW-350, MPW Med Instruments, Warsaw, Poland). The rinsing and centrifuging process was repeated four times. The obtained white paste was used for preparing a water suspension of ZnO NPs. A portion of the suspension was rapidly frozen by pouring liquid nitrogen thereon and lyophilised (Lyovac GT-2, SRK System technik GmbH, Riedstadt, Germany) in order to perform analyses of the obtained ZnO NPs.

Water content tests were performed with the use of the titrator (Cou-Lo Aqua MAX KF, GR Scientific, Bedford, UK) operating in line with the assumptions of the Karl Fischer method.

The following parameters were defined for the obtained nanoparticles: skeleton density (ISO 12154:2014, AccuPyc II 1340, Micromeritics^®^, Norcross, GA, USA), specific surface area (SSA) (BET method, ISO 9277:2010, Gemini 2360, Micromeritics^®^, Norcross, GA, USA), and phase purity (X'Pert PRO, Panalytical, Almelo, The Netherlands). The average particle size was determined based on the SSA and density \[[@B42-nanomaterials-09-01318]\]. Based on the X-ray diffraction pattern, the average size of crystallites was determined using Scherrer's formula \[[@B42-nanomaterials-09-01318]\] and XRD Processor Demo application \[[@B48-nanomaterials-09-01318]\]. The characteristics of ZnO NPs are summarized in [Table S1 (Supplementary Materials)](#app1-nanomaterials-09-01318){ref-type="app"}. All diffraction peaks ([Figure S1---Supplementary Materials](#app1-nanomaterials-09-01318){ref-type="app"}) can be well indexed to the hexagonal phase ZnO reported in JCPDS card no. 36-1451, confirming that only nano-crystalline ZnO was obtained.

2.3. Nanocomposite Preparation {#sec2dot3-nanomaterials-09-01318}
------------------------------

The precise procedure of PMMA--ZnO nanocomposite preparation was described in a previously published article \[[@B25-nanomaterials-09-01318]\]. The main steps are described below. Thermally polymerized PMMA resin (Superacryl Plus; Spofa Dental, Jicin, Czech Republic) was used to produce the samples. The recommended mixing ratio was 22 g of powder polymer and 10 mL of liquid monomer, which represents a volume ratio of 3:1. The calculated amount of ZnO nanopowder was suspended in a liquid monomer of PMMA resin. The mixture was shaken in a Vortex VX-200 shaker (Labnet) for 10 min. and additionally sonicated for 240 s using an Elmasonic S 10/(H) (30 W; Elma Schmidbauer GmbH, Singen, Germany). Then a calculated amount of PMMA resin powder was added, so that the final 2.5%, 5%, and 7.5% mass concentration of ZnO NPs could be obtained. This was preceded by calculating the weight loss of PMMA-nanocomposite after polymerization. The experimental evaluation involved weighing each of the mixture components before a 10-min stirring and sonication process. Weight loss resulting from the release of free monomer as well as evaporation of a volatile liquid monomer while stirring and sonication of solution (based on the experiment it was designated as 4.5%). Furthermore, ZnO NPs in the solution of liquid monomer after the evaporation process increases its weight---1 g of ZnO NPs absorbs into its interior 0.1 g of monomer---which must also be taken into account. However, it is of less importance compared with weight loss during the nanocomposite preparation. Complete composition of the nanocomposites is shown in [Table 1](#nanomaterials-09-01318-t001){ref-type="table"}. PMMA resin without added ZnO NPs was used as a control. Originally, samples (sized 13 × 13 × 2 mm) were prepared with a model wax (Vertex Regular; Vertex-Dental BV, Zeist, The Netherlands), applying a standard procedure for the conversion of wax to PMMA resin with hard gypsum class III (Stodent; Zhermack). To obtain a smooth surface of the samples, special 0.025 mm technical foil (Divosheet; Vertex-DentalBV) was used before closing the polymerizer. The material was conventionally thermally polymerized in a polymerization integral machine (PS-2; P.E.M., Warsaw, Poland) according to the manufacturer's instruction (gradually increasing the temperature up to 97 °C; polymerization duration in 97 °C: 30 min).

2.4. Technique of ZnO NPs Coating on PMMA {#sec2dot4-nanomaterials-09-01318}
-----------------------------------------

The precise procedure of ZnO NPs coating on PMMA was described in a previously published article \[[@B26-nanomaterials-09-01318]\]. Suspensions of ZnO NPs for the coating procedure were prepared in deionized water in a 0.1 wt % concentration of nanoparticles \[[@B49-nanomaterials-09-01318]\]. The PMMA samples (13 × 13 × 2 mm) were dipped in the prepared ZnO NPs suspension. The coating processes involved submerging an ultrasonic tip (Ti horn, 20 kHz, 80 µm amplitude, 70% efficiency, VCX750, Sonics & Materials Inc, Newtown, CT, USA) in the suspension, then due to vibration the tip induced cavitation for 5 min. The process temperature was stabilized at 30 °C ± 1 °C. The coated samples were washed with deionized water, dried, and then packaged in a laminar flow (laminar chamber, S\@feflow 1.2 EuroCloneS.p.A., Pero (MI), Italy) for further research.

2.5. ZnO---Release Assay {#sec2dot5-nanomaterials-09-01318}
------------------------

Measurements of the concentration of zinc ions released to the aqueous solution were analyzed by optical emission spectrometry in inductively coupled plasma ICP-OES (spectrometer ICP-OES PerkinElmer Optima 8000, Waltham, MA, USA). This is an analytical qualitative and quantitative method, wherein the nebulizer drawn through the system as the sample solution is broken in hot plasma (6000--10,000 K) into single atoms. The excited plasma atoms or ions moving to lower energy levels emit electromagnetic waves in the field characteristics of an element used in qualitative analysis, while the quantitative study is based on the fact that the intensity of electromagnetic wave emission increases proportionally in line with the increase in the element concentration. The element concentration in the solution can be determined using internal standards and calibration curves. It is a sensitive method in which the limit of detection for most elements is within the limit of 0.1--10 ppb \[[@B50-nanomaterials-09-01318]\]; however, it strictly depends on the validation process. Nanocomposite samples of ZnO-PMMA sized 13 × 13 mm were divided into five groups depending on the concentration of ZnO NPs: 0% (control), 2.5%, 5%, 7.5%, and PMMA coated with ZnO-NPs (ZnO layer). Samples, at the amount of 5 per each group, were placed in extraction tubes and filled with deionized water to a final volume of 13 mL. The tubes were sealed and stored at room temperature. After 6 days, the concentration of zinc ions was measured and converted to ZnO. The data were evaluated for normal distribution using the Kolmogorov--Smirnov assay. Then, after checking the homogeneity of variance (Brown--Forsythe assay), one of the tests: Student's *t*-test for independent samples (1) or Cochran--Cox test with separate variance estimate test (2) was performed. The level of significance was established at a *p*-value = 0.05. All data were computed using the Statistica 13.0 program (StatSoft Inc., Tulsa, OK, USA).

2.6. Cytotoxicity Assay {#sec2dot6-nanomaterials-09-01318}
-----------------------

The effect of ZnO NPs on cell growth was determined in vitro with the human cell line HeLa (ECACC 93021013). The HeLa cells were cultured in DMEM medium (Gibco, San Diego, CA, USA) supplemented with 10% fetal bovine serum (Gibco, San Diego, CA, USA) essentially as previously stated \[[@B51-nanomaterials-09-01318]\].

For the cytotoxicity study, the ZnO NPs powder was dispersed in ultrapure water (stock solution 5 mg/mL) and sonicated for 10 min at 20 kHz. The in vitro cytotoxicity of ZnO NPs against the HeLa cell line was determined through reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye, as described previously by Paszek et al. \[[@B52-nanomaterials-09-01318]\]. The HeLa cells were seeded in 24-well tissue culture plates (3.5 × 10^5^ per well) and incubated using 1 mL of culture medium. After 18 h, the culture medium was replaced and the nanoparticle suspension was added to achieve their final concentrations in the wells containing cells of 0, 1, 6, 10, 20, 30, 50, and 100 mg/L. Following 24 h of incubation, 60 μL of MTT reagent (Boster Biological Technology, Pleasanton, CA, USA) was distributed into each well and the plates were further incubated for 4 h, during which time MTT was cleft into water-insoluble, purple-color formazan crystals by the mitochondrial enzyme succinate dehydrogenase of viable cells. The MTT solution was carefully removed and the formazan crystals, which had adhered to the cells, were released upon addition of DMSO and incubation at 37 °C until complete solubilization of the crystals. The absorbance of samples was measured at 540 nm (A540). The viability of the HeLa cells was expressed as follows: % viability = A540 of the samples/A540 of the control group × 100. All experiments were performed in triplicates and the results were statistically analyzed using the Student's *t*-test for independent samples with a predetermined *p* = 0.01. Simultaneously with the MTT assay, microscopic imaging of the morphological changes in the HeLa cells treated with ZnO NPs was performed after Trypane blue staining.

3. Results {#sec3-nanomaterials-09-01318}
==========

3.1. ZnO---Release Assay {#sec3dot1-nanomaterials-09-01318}
------------------------

The results of the statistical analysis of the ZnO NPs release to the aqueous solution are shown in [Table 2](#nanomaterials-09-01318-t002){ref-type="table"} and [Figure 1](#nanomaterials-09-01318-f001){ref-type="fig"}. The assay results were as follows: the mean of the control group was 0.074 mg/L and for the groups with the concentration of 2.5%, 5%, and 7.5% ZnO NPs were 2.281 mg/L, 2.143 mg/L, and 3.512 mg/L, respectively. The mean for the ZnO NPs layer on pure PMMA was 4.878 mg/L. No statistical significance between the 2.5% and 5% groups was obtained (*p* \> 0.05). A statistical significance was achieved (*p* \< 0.05) by comparing the control group to each of the test groups, and by comparing the 2.5% and 5% nanocomposites to the 7.5% nanocomposite. The maximum and minimum release of ZnO NP layers produced on pure PMMA were 4.1 mg/L and 5.649 mg/L respectively.

3.2. In Vitro Cytotoxicity of ZnO NPs {#sec3dot2-nanomaterials-09-01318}
-------------------------------------

The cytotoxicity of the ZnO NPs was estimated on the basis of the decreased inviability of the human HeLa cells after incubation with nanoparticles with increasing concentration. There is not an established cell line model for the study of cytotoxicity of nanoparticles in dental field. There are different cell lines used in such studies, frequently not even of human origin, like NIH-3T3 mouse fibroblasts \[[@B53-nanomaterials-09-01318]\], L-929---mouse fibroblast cells \[[@B32-nanomaterials-09-01318]\], or osteogenic precursor cell from mice \[[@B54-nanomaterials-09-01318]\]. The HeLa cells were chosen for the study because this cell line is frequently used in cytotoxicity studies, including also these related to nanoparticles \[[@B55-nanomaterials-09-01318]\] and other materials used for dental purposes \[[@B56-nanomaterials-09-01318]\]. The viability of the HeLa cells was determined through MTT assay and the obtained results are presented in [Figure 2](#nanomaterials-09-01318-f002){ref-type="fig"}. In the cytotoxicity study, the ZnO NPs in the concentration range of 0--100 mg/L were tested as it was in this concentration range that the cytotoxicity of ZnO NPs toward the HUVEC cells was previously tested \[[@B52-nanomaterials-09-01318]\]. In addition, the study took into account the concentrations of 1 mg/L and 6 mg/L, because these concentrations are just above the lowest and the highest, respectively, concentration of the nanoparticles released from the studied composites.

The results of the cytotoxicity study revealed that there were no significant differences between the cells treated with 1, 6, 10, 20 mg/L ZnO NPs and the control group after 24 h incubation ([Figure 2](#nanomaterials-09-01318-f002){ref-type="fig"}) (*p* \> 0.01). The cells' viability at higher concentrations of nanoparticles---i.e., 30, 50, and 100 mg/L ZnO NPs---was different significantly from the control group ([Figure 2](#nanomaterials-09-01318-f002){ref-type="fig"}) (*p* \< 0.01). The study demonstrated that the relative cell viability in the presence of 30, 50, and 100 mg/L ZnO NPs amounted to 61.43 (±5.09), 54.87 (±3.48), and 39.60 (±3.91)%, respectively.

Simultaneously with the MTT assay, microscopic imaging of the HeLa cells treated with ZnO NPs was performed. These microscopic observations were performed to verify the results of the MTT assay, which may be unreliable in the case of the cytotoxicity studies of some nanoparticles \[[@B57-nanomaterials-09-01318]\]. The microscopic observation revealed that the morphology of the cells and the structure of the cell monolayer did not differ in the control group and the cells treated with 1, 6, 10, 20, and 30 mg/L ZnO NPs ([Figure 3](#nanomaterials-09-01318-f003){ref-type="fig"}). Morphological changes in cells were observed in the higher concentrations of ZnO NPs. In presence of 50 mg/L ZnO NPs, while the structure of the monolayer was maintained (i.e., cells adhere closely to each other covering all surface of growth without any visible gaps separating adjacent cells), the population of cells with a changed cellular shape was observed. These cells turned spherical from natively polygonal, flat cells. In the cell culture treated with 100 mg/L ZnO NPs, most of the cells turned to the spherical form and the structure of the cell monolayer were disturbed with clearly visible gaps separating adjacent cells ([Figure 3](#nanomaterials-09-01318-f003){ref-type="fig"}).

4. Discussion {#sec4-nanomaterials-09-01318}
=============

The objective of the study was to characterize the ZnO NPs cytotoxicity and release from PMMA--ZnO nanocomposites, as well as from the ZnO NPs layer produced on pure PMMA. The results support the rejection of the null hypothesis, stating that no differences would be found between pure PMMA and particular modifications with Zn ONPs.

The release of ZnO to the external environment (water) is an inevitable and obvious process. ZnO NPs are dispersed throughout the volume of PMMA, which means that each surface facing the outside is released from the outermost layer of the ZnO NPs. The differences between concentrations in the control and the treated samples (2.5%, 5%, and 7.5%) significantly differ from each other (*p* \< 0.05). Similarly, the concentration of the released ZnO NPs in the sample at the concentration of 7.5% ZnO bacterial proteins NPs is significantly different from concentrations of nanoparticles obtained from tests of the 2.5% and 5% samples (*p* \< 0.05). Statistical calculations showed no significance between the concentrations of the released ZnO NPs from 2.5% and 5% samples (*p* \> 0.05). Considering the difference in the concentration by weight of ZnO NPs in the treated samples, which is 2.5%, the differences of statistical significance could be expected in concentrations between the 2.5% and 5% samples as those observed between the 7.5% and 5% samples. The specific ability of PMMA to bind some amount of ZnO NPs is a possible cause of this phenomenon. Beyond a certain limit the release of ZnO can be significantly increased, which may explain the achieved results. It should be noted that the concentration of ZnO in the surrounding environment reached the maximum value of 5.649 mg/mL for all measurements. The highest results were obtained in the ZnO NPs layer on pure PMMA, which is in line with theoretical considerations (ZnO NPs is an external layer). Notably, the previous studies evidenced that the ZnO NPs released from the 7.5% nanocomposite and the ZnO NPs layer produced on pure PMMA prevent adhesion and biofilm development by *C. Albicans* \[[@B26-nanomaterials-09-01318]\]. These observations indicate that the use of nanocomposites in dentistry would have a beneficial effect on the prevention of fungal infections, as long as the amount of the ZnO NPs released from them did not have a detrimental effect on the patient. To assess the possibility of safe use of the tested nanocomposites in dental applications, cytotoxicity studies of ZnO NPs were performed. First, cytotoxicity was assayed by the MTT test. The results demonstrated that the cells' viability significantly decreased at higher concentrations of the nanoparticles, i.e., 30, 50, and 100 mg/L. These results are similar to that achieved by Paszek et al. \[[@B52-nanomaterials-09-01318]\], at which the cytotoxic effect on human endothelial cells of blood vessels were observed at the ZnO NPs concentration of 30 mg/L. Numerous studies indicate that the MTT assay may underestimate a compound's cytotoxicity by overestimating the cell viability, and therefore cytotoxicity testing by the MTT assay should be supported by another assay to analyze possible toxicological effects of nanocompounds \[[@B57-nanomaterials-09-01318]\]. Accordingly, microscopic imaging of the HeLa cells treated with ZnO NPs was performed. The observation of morphology of the cells and the structure of the cell monolayer revealed an adverse effect of the nanoparticles in the case of the cells treated with high concentrations of ZnO NPs, i.e., 50 mg/L and 100 mg/L. Thus, the analysis of microscopic images essentially confirmed the results of the cytotoxicity studies performed by the MTT assay. Importantly, both the MTT assay and the microscope imaging did not reveal any adverse effects of nanoparticles on the cells at the concentrations of 1, 6, 10, and 20 mg/L. On the basis of the comparison of the results of ZnO NPs release and the results of the nanoparticles cytotoxicity studies, it can be concluded that the observed highest level of release of ZnO from nanomaterials (5.649 mg/mL) is more than 3 times lower than the highest concentration of ZnO NPs, in the presence of which no cytotoxic effect is observed (20 mg/L). These results indicate the possibility of safe use of the tested nanocomposites in dental applications.

The zinc oxide release from PMMA--ZnO nanocomposites assay in conjunction with testing of the cytotoxic effect of ZnO NPs suggest the safety of usage of the new biomaterial as an alternative material for denture bases. The presented results of the study, together with the previously found effect of the biomaterials on prevention of biofilm development by *C. Albicans* \[[@B26-nanomaterials-09-01318]\], indicate that zinc oxide released from the denture to the oral environment would induce an antifungal effect on micro-organisms settled on the mucous membrane without exerting a cytotoxic effect on the host cells.

Part of the research project was carried out with the use of equipment funded by the project CePT, reference: POIG.02.02.00-14-024/08, financed by the European Regional Development Fund within the Operational Programme "Innovative Economy" for 2007--2013.

The following are available online at <https://www.mdpi.com/2079-4991/9/9/1318/s1>, Figure S1: X-ray diffraction pattern of ZnO-NPs, Table S1: Characteristics of ZnO-NPs.
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nanomaterials-09-01318-t001_Table 1

###### 

Composition of particular nanocomposites.

  Composition              2.5% Nanocomposite   5% Nanocomposite   7.5% Nanocomposite
  ------------------------ -------------------- ------------------ --------------------
  ZnO nanopowder           0.803 g              1.605 g            2.408 g
  PMMA powder polymer      22 g                 22 g               22 g
  Liquid monomer of PMMA   10 g                 10 g               10 g

nanomaterials-09-01318-t002_Table 2

###### 

Results of the ZnO release from nanocomposites: (1) Student's *t*-test for independent samples; (2) Cochran--Cox test with separate variance estimate test.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------
  ZnO Release\            2.5%\                       5%\                                7.5%\                              ZnO NPs Layer\
  *n* = 5                 Mean = 2.281 mg/L           Mean = 2.143 mg/L                  Mean = 3.512 mg/L                  Mean = 4.878 mg/L
  ----------------------- --------------------------- ---------------------------------- ---------------------------------- ----------------------------------
  **0%**\                 *t*-value = −17.6349\       *t* separ. var. est. = −17.7763\   *t* separ. var. est. = −9.45474\   *t* separ. var. est. = −14.7328\
  **Mean = 0.074 mg/L**   *p*-value = 0.0000001 (1)   *p*-value = 0.000056 (2)           *p*-value = 0.000696 (2)           *p*-value = 0.000123 (2)

  **2.5%**\                                           *t*-value = 0.808668\              *t*-value = −3.20249\              *t* separ. var. est. = −7.43784\
  **Mean = 2.281 mg/L**                               *p*-value = 0.442089 (1)           *p*-value = 0.012565 (1)           *p*-value = 0.000608 (2)

  **5%**\                                                                                *t*-value = −3.58721\              *t* separ. var. est. = −7.90201\
  **Mean = 2.143 mg/L**                                                                  *p*-value = 0.007113 (1)           *p*-value = 0.000522 (2)

  **7.5%**\                                                                                                                 *t*-value = −2.79621\
  **Mean = 3.512 mg/L**                                                                                                     *p*-value = 0.023334 (1)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------
